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ABSTRACT
PROCESSING AND CHARACTERIZATION OF HIGH PERFORMANCE 
STRUCTURAL NANOCOMPOSITES
DENNIS C. WORKING 
Old Dominion University, 2006 
Director: Dr. Ram Prabhakaran
Carbon nanotubes are considered to be a revolutionary material breakthrough due to 
their unique combination o f properties. While many applications for SWCNTs have been 
projected, realization of these potential uses have been hampered by the high cost of 
limited supplies o f high quality SWCNTs and the difficulty in the development o f a 
suitable processing method that does not damage the filler thus diminishing the desirable 
properties o f this material. In spite o f these technical challenges, their potential to enable 
the fabrication o f multifunctional materials is being investigated in earnest. The goal of 
this thesis is to investigate the feasibility o f obtaining useful nanocomposite materials 
with enhanced mechanical properties through melt extrusion o f fibers containing a 
polymer binder reinforced with carbon nanotubes. The targeted property enhancement 
will be improved interfacing between the binder polymer and carbon nanotubes because 
intimate contact between the nanofiller and the matrix are necessary to take advantage o f 
the high conductivity and mechanical strength possessed by CNTs. Advances made in 
processing o f structural nanocomposites and assessments of their properties will be 
discussed.
Advisory Committee Members: Dr. Emilie J. Siochi
Dr. Stephen Cupschalk
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
I would like to dedicate this work to 
the memory o f my father, Larry D. Working, who died September 13,2002, 
my wife and children for their continuous support and patience, and 
my mother and brother who were always there for me.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
ACKNOWLEDGEMENT
I sincerely thank my advisory committee, Dr. Ram Prabhakaran, Dr. Stephen 
Cupschalk and Dr. Emilie Siochi for their support in finishing this research. I would also 
like to thank the BIOSANT group, Dr Kris Wise, Dr Cheol Park and Dr. Peter Lillehei, 
and the Advanced Materials and Processing Branch at NASA Langley Research Center 
for their patience and support during the period when I was conducting my research and 
preparing for my Masters degree.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
VTABLE OF CONTENTS
Page
LIST OF TABLES......................................................................................................... vii
LIST OF FIGURES.......................................................................................................  ix
LIST OF GRAPHS......................................................................................................... xi
INTRODUCTION.......................................................................................................... 1
LITERATURE REVIEW.............................................................................................. 5
Uniform Dispersion o f Carbon Nanotubes......................................................  5
Solution Dispersion Methods.................................................................  6
Surfactant Assisted Dispersion...............................................................  7
Mechanical Dispersion Methods............................................................ 7
Melt Processing Methods...................................................................................  8
Melt Processing Equipment.................................................................... 9
Conclusion............................................................................................................ 10
EXPERIMENTAL......................................................................................................... 11
Materials...............................................................................................................  11
Nanocomposite Matrix Resin.................................................................  11
Carbon Nanotubes....................................................................................  12
Goals o f Melt Extrusion.....................................................................................  12
Processing Equipment........................................................................................  13
Sample Preparation............................................................................................. 20
Ultem GE 1000........................................................................................  21
LaRC-8515............................................................................................... 22
Film Casting (Ultem)..............................................................................  22
Molding...................................................................................................... 23
Characterization o f Nanocomposites...............................................................  23
Tensile Testing.........................................................................................  23
F iber Test F ixture.....................................................................................  24
Differential Scanning Calorimetry......................................................... 25
Thermogravimetric Analysis................................................................... 25
Microscopy.................................    25
Raman Spectroscopy................................................................................ 26
ULTEM RESULTS AND DISCUSSION.................................................................. 27
Tensile Testing o f Ultem Nanocomposites.....................................................  28
Effect o f Tensile Test Rates on Mechanical Properties.................................  29
Effect o f Processing Conditions o f Mechanical Properties..........................  39
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
vi
LaRC-8515 RESULTS AND DISCUSSION............................................................ 43
Tensile Testing o f LaRC-8515 Nanocomposite Fibers.................................. 45
Tensile Testing o f LaRC-8515 Dumbbell Moldings......................................  60
COMPARISON OF ULTEM AND LaRC-8515 NANOCOMPOSITES
RESULTS AND DISCUSSION.................................................................................. 64
Melt Processing...................................................................................................  64
Differential Scanning Calorimetry.................................................................... 65
Thermogravimetric Analysis.............................................................................  66
Tensile Testing....................................................................................................  67
Microscopy...........................................................................................................  73
Raman Spectroscopy..........................................................................................  78
SUMMARY AND CONCLUSIONS..........................................................................  83
BIBLIOGRAPHY.......................................................................................................... 85
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
v i i
LIST OF TABLES
Page
1-1: Comparison o f Properties for Structural Aerospace M aterials..........................  2
3 -1: Fiber Drawing Parameters........................................................................................  22
4-1: Viscosity o f Nanocomposite Melt, 325°C and 50 RPM......................................  27
4-2: Fiber Drawing Parameters........................................................................................  28
4-3: Tensile Film Test Results.........................................................................................  28
4-4: Number of samples and Cross Sectional Areas for Ultem Nanocomposites.... 29
4-5: Yield strength o f Ultem Nanocomposites..............................................................  30
4-6: Ultimate Strength o f Ultem Nanocomposites as a Function of Tensile Test
Rates....................................................................................................................................  32
4-7: % Elongation o f Ultem Nanocomposites as a Function o f Tensile Test Rates.. 34
4-8: Modulus o f Ultem Nanocomposites as a Function o f Tensile Test Rates  36
4-9: Energy of Rupture for Ultem Nanocomposites as a Function of Test Rates.... 38
4-10: Fiber Cross-sectional Area averages for Processing Conditions Used  40
4-11: Yield Strength Comparison for the Different Processing Procedures.............  40
4-12: Ultimate Strength Comparison for the Different Processing Procedures  41
4-13: Elongation Comparison o f the Different Processing Procedures...................... 41
4-14: Modulus Comparison of the Different Processing Procedures.........................  42
4-15: Energy Comparison o f the Different Processing Procedures............................  42
5-1: Viscosity o f Nanocomposite Melt, 350°C and 50 RPM......................................  44
5-2: Fiber Drawing Parameters........................................................................................  45
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
viii
Table Page
5-3: Modulus Extrapolated for 0.03 mm2 Cross Sectional Area................................. 49
5-4: Elongation and Standard Deviation Data Graph 5-6............................................. 51
5-5: Toughness and Standard Deviation Data for Graph 5-8......................................  52
5-6: Elongation and Standard Deviation Data Graph 5-13..........................................  58
5-7: Toughness and Standard Deviation Data Graph 5-15..........................................  59
6-1: Viscosity o f Nanocomposite M elt...........................................................................  65
6-2: Thermal Properties....................................................................................................  66
6-3: Summary o f Mechanical Properties from Tensile Testing of Ultem Films  67
6-4: Summary o f SWCNT/Ultem Nanocomposite Fibers Tensile Properties  68
6-5: Fiber Drawing Parameters.......................................................................................  75
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
LIST OF FIGURES
ix
Page
3-1: Molecular structures of a) Ultem and b) LaRC 8515......................................  11
3-2: Single Screw Extrusion System Profile.............................................................  14
3-3: Front View of Extruder........................................................................................  15
3-4: Extruder Dies......................................................................................................... 16
3-5: Extrusion System..................................................................................................  17
3-6: Photograph o f extruder........................................................................................  18
3-7: Assembly photograph of extruder...................................................................... 19
3-8: Processing line flow chart....................................................................................  20
3-9: Processing flow chart............................................................................................ 20
6-1: Computational models depicting the preferred orientation of the polymers.. 74
6-3: High resolution scanning electron micrograph o f SWCNT aggregates in 
fractured fiber cross section.........................................................................................  76
6-4: High resolution scanning electron micrograph o f fracture surface................  76
6-5: High resolution scanning electron micrograph o f cold fractured failure
surface o f 1% SWCNT/LaRC-8515 nanocomposite................................................  77
6-6: Representative morphology o f the surfaces o f a) Ultem and b) 1 wt% 
SWCNT/Ultem nanocomposite....................................................................................  78
6-7: Raman spectroscopy o f Ultem and Ultem nanocomposite.............................  79
6-8: Raman spectrum of cross section o f fiber showing SWCNT concentration 
variation across Ultem nanocomposite fiber diameter.............................................. 79
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
XFigures Page
6-9: Raman spectra for the extruded nanocomposite fiber obtained from
surfaces microtomed parallel and perpendicular to the fiber direction................... 81
6-10: Polarized Raman spectra o f Ultem nanocomposite fiber illustrating
SWCNT alignment......................................................................................................... 82
6-11: Polarized Raman spectra o f LaRC-8515 nanocomposite fiber illustrating 
SWCNT alignment......................................................................................................... 82
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
LIST OF GRAPHS
xi
Page
1-1: Comparison of mechanical properties for state-of-the-art aerospace
structural materials [ 1 ] ..................................................................................................  1
4-1: Plots of yield strength of Ultem nanocomposite mean value as a function of 
CNT concentration at different test rates.................................................................... 31
4-2: Plots o f ultimate mean value to concentration for different rates.................... 33
4-3: Plot o f %elongation mean value to concentration at different tensile test
rates.................................................................................................................................. 35
4-4: Plots of modulus mean value to concentration o f CNT doping at different 
tensile rates...................................................................................................................... 37
4-5: Plots o f energy or toughness as a function o f various CNT concentrations
with respect of tensile rates per minute.......................................................................  3 9
5-1: Effect of mixing time on yield strength for 0.3 wt% addition o f SWCNT to 
LaRC-8515......................................................................................................................  44
5-2: Effect of cross sectional area on yield strength of SWCNT doped
LaRC-8515.............................................................................  46
5-3: Effect o f fiber cross sectional area on ultimate strength o f SWCNT doped 
LaRC-8515..................................................................................................................... 47
5-4: Effect o f cross sectional area on modulus o f SWCNT doped LaRC-8515... 48
5-5: Effect o f cross sectional area on % Elongation o f SWCNT doped
LaRC-8515...................................................................................................................... 50
5-6: Effect o f SWCNT concentration on % Elongation............................................ 50
5-7: Effect o f cross sectional area on toughness o f LaRC-8515 nanocomposites. 51
5-8: The Plot is o f energy or toughness with respect to concentration................... 52
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
xii
Graphs Page
5-9: Effect o f cross-sectional area on yield strength.................................................  53
5-10: Plot of ultimate strength with respect to fiber cross sectional area at a test 
rate o f 7.5 mm/min......................................................................................................... 54
5-11: Plot o f modulus with respect to cross sectional area obtained at 7.5
mm/min test rate.............................................................................................................  55
5-12: Plot o f percent elongation with respect to cross sectional area at 7.5
mm/min test rate.............................................................................................................  56
5-13: Effect o f SWCNT doping on mean elongation of LaRC-8515 
nanocomposites..............................................................................................................  57
5-14: Plot of energy or toughness with respect to cross section area.......................  58
5-15: Plot showing the mean value o f energy with respect to SWCNT
concentration for LaRC-8515 nanocomposites.......................................................... 59
5-16: Effect of SWCNT concentration on yield strength of LaRC-8515 molded 
nanocomposites..............................................................................................................  60
5-17: Effect o f SWCNT concentration on ultimate strength o f LaRC-8515
molded nanocomposites................................................................................................  61
5-18: Effect o f SWCNT concentration on modulus o f LaRC-8515 molded 
nanocomposites..............................................................................................................  62
5-19. Effect of SWCNT concentration on toughness o f LaRC-8515 molded 
nanocomposites..............................................................................................................  63
6-1: Comparison o f ultimate strength for LaRC-8515 as a function of sample 
configuration................................................................................................................... 69
6-2: Toughness of LaRC-8515 nanocomposite dumbbells and fibers.................... 70
6-2: Comparison o f modulus improvement for Ultem and LaRC-8515 
nanocomposite fibers....................................................................................................  71
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1INTRODUCTION
Ambitious goals to improve aerodynamic performance by trimming vehicle weight 
while reducing life cycle costs and minimizing detrimental environmental impacts will 
require radical departures from existing vehicle design concepts. New design approaches 
can be enabled by the incorporation o f multifunctional structures which integrate such 
functions as heat dissipation or pressure sensing into structural members. State-of-the-art 
structures depend on the high strength to weight ratio o f graphite fibers to achieve weight 
reduction without sacrificing mechanical properties; however, while graphite fiber 
composites contribute to weight reduction objectives, they do not depart form their 
primary utility as load bearing structures. In contrast to graphite fibers, single wall 
carbon nanotubes (SWCNT) possess more than superior mechanical properties shown in 
Figure 1-1 where it is shown that SWCNTs are 50 times stronger than IM7 carbon fiber.
®  Baseline Materials ®  5-10 years (TRL = 4 -6 ) ♦  10 -20 years + (TRI, = 1-3)
SWNT
O
T1AI
M 46J^NM >
•  IM7 
SiC/Be Nt/AI #
BeAl •
4 )  0  Ti Foam Sand
A 1,0,/A I
M46.I CFRP ^
Al 2219 IM7 CFRP (TRL,=4-9)
•  •
Al Foam
Graph 1-1: Comparison of mechanical properties for state-of-the-art aerospace
structural materials [1].
The model used for formatting this work was the Journal o f Composite Materials. 
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A mechanical strength o f 100 times stronger than steel has been reported. Furthermore, 
SWCNTs have half the density o f aluminum and 25% lower density than carbon fiber 
making it the aerospace structural material with the highest strength to weight ratio 
available. In addition, Table 1-1 shows that as an electrical conductor, they are capable 
o f carrying 104 S/cm of current [28] -  almost two orders of magnitude greater than IM7 
carbon fiber typically used for high performance polymer composite structures. They 
also have a thermal conductivity o f 40 times higher than IM7. This combination of 
properties suggests the potential for using SWCNTs to produce multifunctional structural 
composites.
Table 1-1
Comparison of Properties for Structural Aerospace Materials [2]
Property Aluminum
2219-T87
IM7 
Carbon Fiber
Carbon Nanotubes 
(CNT)
Density, g/cm3 2.83 1.78 1.36
Tensile Strength, 
GPa 0.46 5.5 > 30
Tensile Modulus, 
GPa 73 300 1030
Elongation, % 10 1.8 15
Thermal
Conductivity,
W/m-K
121 50 2000
Electrical 
Conductivity, S/cm ~ 6 x  103 ~ 6 x  102 1 x 104
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3While many applications for SWCNTs have been projected [3], realization o f these 
potential uses has been hampered by the high cost of limited supplies of high quality 
SWCNTs and the difficulty in the development of a suitable processing method that does 
not damage the filler thus diminishing the desirable properties o f this material. Although 
good quality SWCNTs are not yet available in large quantities, their potential to enable 
the fabrication o f multifunctional materials is being investigated in earnest. The goal of 
this thesis is to investigate the feasibility o f obtaining such materials through melt 
extrusion of fibers containing a polymer binder reinforced with carbon nanotubes. The 
targeted property enhancement will be improved interfacing between the binder polymer 
[4] and carbon nanotubes because intimate contact between the nanofiller and the matrix 
are necessary to take advantage o f the high conductivity and mechanical strength 
possessed by CNTs.
Graphite fibers, which are typically processed into prepreg as a precursor to 
composite structures, have diameters in the micron range and are readily available in 
spools ready for processing at a cost o f $15 to $35 per pound. In contrast, SWCNTs are 
graphene cylinders that typically have diameters of about 1 nm with lengths of several 
microns [5]. Carbon nanotubes (CNT) cost abut $500/gram and must be used 
judiciously. To reduce the expense o f materials used, a vacuum micro-extruder [6] fitted 
with a suitable fiber spinning die will be used to process the nanocomposite fibers. The 
micro-extruder permits production o f fiber with minimum waste o f raw material. The 
CNT filler has to be uniformly dispersed in the binder matrix polymer for the best quality 
fiber. CNTs have a tendency to agglomerate [7], which makes dispersion difficult,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
therefore it is the intent o f this study to investigate the best mechanical method for 
dispersion, such that the process can be generalized for engineering polymers. The focus 
of this thesis is improved mechanical properties for a polymer matrix composite that has 
multifunctional properties. Specifically, a structural composite with a glass transition 
temperature (Tg) o f over 200°C with improved electrical conductivity is sought. While it 
is not clear at this time how the leap from carbon nanostructures to macro composite 
structures is to be made, fabrication of nanocomposite fibers, which can subsequently be 
handled like graphite fibers, appears to be a logical first step.
Melt extrusion offers the advantage o f providing shear forces not present in 
anisotropic processes such as film casting. It is anticipated that these shear forces can 
induce alignment o f SWCNTs in the fiber axis direction to impart significant 
reinforcement o f the polymer matrix mechanical properties. In the work presented here, 
melt extrusion o f SWCNT/Ultem and SWCNT/LaRC 8515 fibers will be demonstrated. 
Ultem and LaRC-8515 were chosen because they belong to the polyimide class of 
polymers which have been proven to possess the proper combination of mechanical 
properties, thermooxidative stability, and processability desirable in aerospace 
applications.
A literature review o f CNT mixing methods will be provided in Chapter 2. The 
experimental approach chosen to complete this study will be discussed in Chapter 3 and 
the results will be shown and discussed in Chapter 4.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
5LITERATURE REVIEW
Carbon Nanotubes have been touted as a material that can enable revolutionary 
changes in many applications. Among the research areas o f interest are ways in which 
this nanomaterial can support the development o f multifunctional structural materials for 
aerospace applications. Multifunctional nanocomposite materials constitute a very active 
research area. This literature review is limited in scope to published literature on 
dispersion methods associated with non-functionalized carbon nanotubes.
Uniform Dispersion of Carbon Nanotubes
Dispersion of Carbon Nanotubes (CNT) into a polymer binder is one o f the major 
problems facing those attempting to use this material for processing. Poor dispersion may 
lead to deterioration or insignificant improvements to the matrix material properties. 
Mechanical and conductive properties will be less than predicted due to poor dispersion. 
Without a good dispersion it becomes very difficult to deconvolute performance o f the 
matrix material from inhomogeneous composite. It is important to take measures not to 
damage CNTs in the process of enhancing their dispersion in a polymer matrix. 
Dispersion of the nanotubes must be accomplished in such a way as not to damage them 
or the binder. Methods others have used include solvent suspension, sonication with 
respect to time, surfactant use, and in-situ synthesis. All topics discussed will be from the 
aspect o f preparing material for extrusion. It is important to note that the cost and limited 
supply has restricted research with SWCNT, so some of the reference work will be based 
on research related to Multiwall Carbon Nanotubes (MWCNT). MWCNT do not have the 
same properties as SWCNT, but they do have similarities [8, 9]. Research conducted on 
MWCNT can yield a good starting point for SWCNT research.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Solution Dispersion Methods
Solution methods for dispersion o f Carbon Nanotubes represent an important starting 
point in the processing of nano composites. There are many methods being developed for 
the dispersion o f nanotubes into a polymer matrix; a few examples are discussed in the 
here. The first method is to pick a solvent, one that causes the nanotubes to disperse. For 
example, a polymer solution of poly(methyl methacrylate) (PMMA) in DMF, is added to 
the dispersed nanotubes also in DMF [10]. The only part this solvent plays is to break up 
nanotube agglomerations. A nanocomposite film is cast from the resulting solution. A 
second method involves finding a secondary solvent that is miscible with the first and 
which will dissolve the polymer. Musa et al. [11] describes a method where the multi­
wall carbon nanotubes are mixed with the hexane and sonicated separately, then added to 
the polymer/chloroform solution. The nanocomposite cast from the resulting solution is 
ready for further processing, i.e. molding or extrusion. Hexane is a recommended 
dispersion solvent for the nanotubes by the manufacturer. In order for this system to 
work, the chloroform and hexane solvents must be miscible. While this requires more 
solvents to be on hand, it is more realistic than finding a good dispersing solvent that 
works as a solvent for the polymer as in the first method. Method 1 has the advantage of 
simplicity in that only one solvent has to be removed from the composite. In a full 
production situation, unless an azeotrope is formed, the removal of one solvent has to 
wait till the removal o f another. The removal of both solvents will take longer. Method 3 
is much like the second method but tends to be o f a higher degree o f reaction. This 
method can even cause the swelling of the nanotubes. The solvent used is HCL and the 
binder is pyrrole. Nanotubes are dispersed in the solvent with sonication and added to a
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
solution o f pyrrole. The composite formed is then precipitated out o f solution with 
ammonium sulfate and collected with filtration [12]. This method limits the polymer 
binder that can be used because of the possible degradation of the polymer and the 
nanotubes [13]. Complex systems o f solvents require more care in removal, by either 
reacting with a compound or evaporation. These three methods are the principal types o f 
methods being employed. The assumption will be that one of these three techniques will 
be used on the material selected for extrusion.
Surf actant Assisted Dispersion
Commercial surfactants are available that have been used with success [7, 14], 
Surfactants are a viable means, and the authors achieved improved results. On the other 
hand, this method might damage the interface between the nanotubes and their polymer 
binder. If  too much surfactant is used, then phase separation can occur. Too little 
surfactant results in poor dispersion o f the nanotubes. An intermediate amount o f 
surfactant is needed to produce a stable solution for processing [7]. There may be a cap 
on the mechanical properties that can be achieved by this process.
Mechanical Dispersion Methods
After looking at the most likely methods o f chemical dispersion, consideration 
was given to the mechanical methods o f assisting dispersion. Sonication is used with 
many composite solutions to break up agglomerations and improve dispersion [15]. It is 
believed that over-sonication can damage carbon nanotubes by degradation and 
shortening of nanotube lengths [13]. A method for determining nanotube length must be 
worked into the procedures for selecting the optimum time for sonication. The ideal 
conditions result in longer lengths with a narrow distribution range and a good dispersion.
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Carbon nanotubes with longer lengths yield higher mechanical properties, while good 
dispersion and narrow ranges aid in quality control. With the synthesis o f new polymers, 
functionalized nanotubes and development o f new processing equipment, different 
techniques are required to create a uniform polymer nanocomposite.
Melt Processing Methods
Melt processing methods are used to mix and/or produce a finished product [16, 17, 
18]. Parameters set for processing depend on thermal properties o f the material and 
desired product. Products take the form of intermediate and finished materials. 
Intermediate, for example, may be the pellets used in an injection molding machine or 
fiber reinforcements for a composite. Finished products such as extruded pipe or “I” 
beams need no further work. Intermediate steps may be employed, such as melt mixing 
[11, 17]. Melt mixing as a separate step will require grinding to reduce the size o f the 
composite chunks for feeding into the extruder. New processing equipment allows for 
compounding small amounts o f material inside the extruder producing good dispersion 
[16, 18, and 19]. The drawback to the all in one extruder is control. A separate melt 
mixing process allows for different temperatures and shear rates than the extruder. 
Andrews, et al [18] showed that the shear rate in the melt/extrusion system can damage 
MWCNT; the same may occur with SWCNT being processed.
There was a limited amount o f information available for melt spinning of Polymer 
Composite Reinforced with Carbon Nanotubes at the beginning of this project. Proof o f 
feasibility was built largely on solution spinning techniques others used. Orientation of 
carbon nanotubes has been shown to occur in the solution spinning o f polymer nanotube 
composites [7]. Vigolo et al. [7] describes not only orientation but the coring of a
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
composite fiber with a concentration o f SWCNT. They found spherical carbon on the 
surfaces and a concentration of SWCNT in the center o f the nanocomposite fiber. Coring 
is when the concentration o f aligned SWCNT is highest at the center o f the fiber. 
Spherical carbon particles are probably residual soot that was not removed during sample 
preparation. Solution spinning techniques, such as this one, can be used to produce many 
different types of polymer composite reinforced with carbon nanomaterials. These 
methods are cheap and use very little material. The limitation is the solubility o f the 
polymer. For high performance polymers it is difficult and maybe impossible to find a 
solvent. Several groups have used melt mixing and processing to produce an oriented 
composite, see for examples [16, 18, and 19]. Orientation was reported in most o f the 
melt processed nanocomposites.
It is anticipated that shear forces experienced during melt processing can induce 
alignment o f SWCNTs in the fiber axis direction to impart significant reinforcement of 
polymer matrix mechanical properties. Indeed, along these lines, several groups have 
demonstrated improvement in properties o f polypropylene [20], poly p-phenylene 
benzobisoxazole or PBO [21], pitch [22], polystyrene [15], and PMMA [4] as a result of 
melt processing or wet spinning various amounts o f SWCNT with the polymer matrix. 
Melt Processing Equipment
Comparison of the processing equipment is limited to the information supplied, but a 
rough comparison can be made based on the description of the systems used. References 
11 and 19 describe a ram-compression type system. There is little time in the small length 
o f the nozzles for full orientation. Their results indicate this speculation is true. Reference 
7, which describes the use o f a syringe and needle, has a higher degree o f orientation.
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Pressure was not recorded nor the length o f the needle used, so shearing cannot be 
determined. None of the systems described has the residence time of a single screw 
extruder. While this does not confirm improvement in results, it does suggest that 
different results may be obtained using the single screw extruder.
Conclusion:
Dispersion of unfunctionalized carbon nanotubes, in solution is based on the 
polymer binder selected. If the solvent for the binder is suitable to overcome the 
attractive forces of the nanotubes, then with the aid o f sonication, dispersion can be 
achieved. Should the solvent fail to overcome these forces, mixed solvents or surfactants 
can be used to disperse the nanotubes. Screw extrusion of an oriented carbon nanotube 
fiber composites has a very good chance o f working based on results others achieved 
using different methods. The small quantity o f material needed by the extrusion system to 
be used will allow a continuous improvement in processing.
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EXPERIMENTAL
Materials
Nanocomposite Matrix Resin
Ultem 1000 from GE Plastics and LaRC-8515 from Imitec, Inc. were chosen 
because they belong to the polyimide class o f polymers and have the structures shown in 
Figure 3-1. Ultem 1000 is a polyetherimide made by GE Plastics. LARC 8515 is a 
polyimide developed at NASA Langley manufactured by Imitec, Inc. lot# 045-077, 
5%offset [24, 25] .
— N
O
N
o o
o
a)
Figure 3-1: Molecular structures o f a) Ultem and b) LaRC 8515.
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Carbon Nanotubes
Purified SWCNT (from CNI, Inc., lot # P0205, P0222, P0257) were made into 
composites with Ultem. Testing with HRSEM and tensile properties showed no 
significance, so lots were treated as the same in comparison o f composites.
Goals of Melt extrusion
The underlying result sought in this study, beyond process techniques, was 
to produce a polymer fiber that has oriented carbon nanotubes parallel to the flow rate. 
This fiber produced should be a multifunctional composite (enhanced electrical or 
thermal properties for example) and have an improved mechanical strength [25]. A 
uniform feeding of nanotubes must occur at the hopper/feed section o f the extrusion 
equipment. This is best done by having the nanotubes well dispersed in a polymer matrix. 
Having the chunks or pellets o f nanocomposite to extrude overcomes the flocculent 
nature o f the nanotube. After feeding the nanocomposite into the processing equipment, 
a mechanism (shear forces or draw down) must orient the carbon nanotubes to the fiber. 
The carbon nanotubes, once oriented, would be held in place by the cooling o f the 
polymer binder.
For the desired application, what is important is that there exists a viscous 
gradient across the flow channel due to shear thinning effects. The gradient provides a 
method o f separating materials by viscosity. Low viscosity materials behave as lubricants 
and migrate to the screw and barrel walls. Ideally the large aspect ratio (length to 
diameter) o f the Carbon Nanotubes will result in a higher viscosity o f nanotubes than the 
binding polymer. This concept has merit based on published literature [5, 15, 20]. Given 
enough time, a continuous gradient and correct dimensions o f channel, a complete
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separation based on viscosity can occur across the thickness. This concept should 
produce the desired oriented nanotube composite fiber [16, 17, 18, 19]. A good 
dispersion of carbon nanotubes in the binder during feeding of the material into the 
extruder, insures there are nanotubes to orient, and will result in a uniform distribution of 
oriented nanotubes through the entire length and diameter of the fiber.
Processing Equipment
The components of the processing equipment used included: a) Mixer: C.W. Brabender 
P12000 with half size mixing head type E.E.6/2-230V 5.5A. Number A.A.923 S.B. b) 
Grinder: C.W. Brabender model with 2mm mesh screen. C) Extruder: NASA Langley 
Microextruder [6].
The extrusion system used was a single screw micro-extruder [6]. Depending on 
the density of material, the micro-extruder will take about 2 mL of material to charge. 
This means that 2.5 mL should produce an extrusion. It has a high torque and 
temperature range. Extrusions have been performed on a wide range o f materials and at 
different viscosities. Dies for this extruder are o f a sandwich design and can be easily cut 
from a 2” diameter piece o f stainless steel and machined for the application needed. 
Because o f the small size of the extruder, it has a disadvantage due to the size limitations 
o f material that can be fed into it. This application will not be hindered by size 
limitations. Extruder clean up and modifications were accomplished in very little time.
Figures 3-7 give a visual description o f the extrusion equipment. The components 
o f this extruder are shown in Figure 3-2. It has three heated zones where temperature can 
be controlled over a 12.7 cm travel length to extrude as little as 2.5 mL of material. A 
filter was installed just behind the nozzle support to aid in breaking up agglomerations.
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The nozzle had a land with an L/D ratio o f 10. The L/D for the screw was 4/1 at a 12.7 
mm diameter and the channel for downward vertical extrusion was 30/1 with 10/1 being 
the 1 mm diameter nozzle. The hopper was gravity fed.
1) Barrel with vacuum seals.
2) Barrel heater which has independent temperature control.
3) Band heater for barrel head with independent temperature control.
4) Barrel head header which clamps dies or direction changing nozzle to extruder.
5) Vacuum port for barrel.
6) Vacuum sealed hopper with mechanical feed paddle. Not shown is vacuum/gas inlet to 
hopper.
7) Points to screw and barrel o f the extruder. This system, because o f its short length, has 
only two heated zones. The flights o f the screw are as drawn and have a radius: A normal 
screw design would have a near flat leading edge, which induces roll-over of the melted 
polymer. This may be beneficial to extrusion o f nanotube fibers by reducing the mixing 
as it passes down the screw.
8) Melted resin pool.
9) Indicates the nozzle region. This is the area that a new nozzle can be added to optimize 
fiber extrusion. Changes in the face- plate, can produce a horizontal extrusion, where now 
it extrudes down.
Figure 3-2: Single Screw Extrusion System Profile
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1) Barrel without die or header.
2) Points to the front o f the screw. The screw has two flights with the rotation o f the 
screw and these flights may produce a twisting in the polymer solution flow. Twisting of 
the polymer solution has to be investigated to be determined if it is beneficial.
3) Block heater assembly.
4) Mechanical paddles extend down into barrel.
5) Vacuum port.
6) Mechanical feed section.
7) Power for heaters, 6 zones possible.
Figure 3-3: Front View of Extruder
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3.175 mm Capillary Die
Face Plate
0.254 mm Ribbon Die
1.587 mm Capillary Die
Figure 3-4: Extruder Dies
These figures are representative o f typical die construction. Capillary dies have a 
feed flat (indicated by 1). With the flat and knowing diameter length, as well as through 
flow and pressure, the viscosity can be calculated.
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1) Extrader assembly
2) Mechanical feed drive for material.
3) Temperature control system
4) Motor and gear box assembly
Figure 3-5: Extrusion System (take-up system is not shown)
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Figure 3-6: Photograph o f extruder — Copper tubing allows air flow in the feed section to 
keep material from melting and bridging out before contact with the screw.
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Figure 3-7: Assembly photograph of extruder. 
Figures 3-8,9 depict the typical steps involved in melt extrusion.
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Figure 3-8: Processing line flow chart
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Figure 3-9: Processing flow chart
Sample Preparation
Dry blending [23] was used in this work. Single wall carbon nanotubes were added
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directly to the polymer in the melt mixing hopper. By adding the feed stock in this way, 
damage to the polymer and nanotubes that could occur is limited to the melt mixing, 
grinding and extrusion.
Ultem G E1000
Ultem was used as a model material because it was available in larger quantities than 
8515 and belongs to the same family o f polyimide. Nanocomposites were prepared by 
adding 0.1, 0.3 and 1 wt% SWCNTs, from CNI, Inc. lots P0205 and P0222, to Ultem GE 
1000 pellets. Melt mixing was carried out in a half size electrically heated CW 
Brabender. The counter rotating mixing device had an internal capacity o f 30 mLs. Pure 
Ultem and SWCNT/Ultem nanocomposites were melt mixed at 325°C for one or one and 
a half hours at 50 rpm in air. For comparison to LaRC-8515 nanocomposites produced 
under the same processing conditions, a mix was performed of Ultem and Ultem with 
0.3wt% SWCNT CNI lot# P0257 for 3 hours under nitrogen purge.
After melt mixing, the resulting material was ground through a 1 mm mesh screen 
and extruded with a single screw extruder developed at NASA Langley Research Center 
[6]. Extrudates from the first pass were ground and re-extruded two more times to 
obtain the fibers tested in this study. Extrudates were drawn down from 1 mm diameter 
to hundreds o f microns at the take-up speeds summarized in Table 3-2.
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Table 3-1 
Fiber Drawing Parameters
SWCNT Concentration 
(Wt %)
Draw Rate 
(m/min)
Draw Ratio
0 > 100 10/1
0.3 < 100 5/1
1.0 < 50 4/1
LaRC-8515
LaRC-8515 (manufactured by Imitec, Inc. lot# 045-077, 5% offset, figure la, 
[10,11]) was processed with the same equipment and similar conditions as the Ultem. 
There are three major exceptions to the processing methods. The first is that 8515 has a 
higher viscosity and Tg, which required processing at a higher temperature o f 350°C. 
Melt mixing time was increased to three hours under nitrogen. The time increased by 
studying the effects o f mixing time with respect to mechanical properties.
Film Casting (Ultem)
Nanocomposite films of Ultem were cast by dissolving ~ 1 mm long extrudate rods in 
dimethyl acetamide (DMAc) at a concentration o f 20 wt%. This was not possible for the 
LaRC-8515 composites because 8515 is not soluble after imidization. Solutions were 
stirred at ~ 100°C for approximately four hours. The solution was vacuum degassed 
prior to casting 0.635 mm thick films on a clean glass plate in a glove box under flowing 
dry air. Films were air dried at room temperature for approximately 48 hours before 
drying completely in an oven at 150°C for 24 hours. Dried films were detached from the 
glass plate by immersing in warm water until edges peeled off.
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Molding
A Dynisco LMM molding machine was used to produce molds o f both Ultem and 
8515 at concentration of 0, 1, 5, 10, and 20 weight percent CNT doping. Orientation o f 
the SWCNT is an important aspect o f this paper. For comparison, most of the work 
reported is less than one weight percent SWCNT addition. Difficulty in extrusion limited 
the concentration o f SWCNT that could be used to ~1 weight percent for fibers.
The C. W. Brabender 30 mL half size mixer was used for melt mixing the 
SWCNT into the polymer. The material was then ground down and passed through a 
2mm mesh screen. It was then added to the molding bowl was brought to temperature 
(Ultem 335°C an 8515 350°C) for half an hour. During this time the mold was heated to 
processing temperature, about the same as the bowl. Force was then applied until 
composite material exited from vent ports.
Characterization of Nanocomposites 
Tensile Testing
Film, molded dumbbell and fiber tensile properties were obtained using the 
Instron model 5848 Microtester. Film samples were tested based on procedures specified 
in ASTM D882. Film sample dimensions used were 50 mm gage length x 5 mm width. 
Crosshead speed used was 5 mm/min.
Three or more o f each sample concentrations were tested for each o f the dumbbell 
molded materials. The flat dumbbells had a gauge length o f 10mm with a thickness of 
0.76mm and a length o f 38.1 mm. Dumbbells were tested at 5mm per minute.
Based on ASTM D3822, fiber samples were tested at a gauge length o f 10 mm 
and crosshead speed o f 1.27 mm/min, 7.5 mm/min (Ultem and LaRC-8515) and
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32mm/min (for Ultem composites only). Data reported for fibers are the average o f at 
least 10 tests. Curve fits were performed using Kaleidagraph V4 developed by Synergy 
Software. Tensile properties of the fibers were also measured on a Rheometrics Solid 
Analyzer (RSA III) at an extension rate o f 25 mm/min. All the samples were tested at 
2.54 cm gage length. Five specimens were tested in each case, and the average values are 
reported.
Fiber Test Fixture
Fibers tested were very stiff and had high modulus. When cardboard fixtures were 
used, as recommended by the ASTM standards for fiber testing, the modulus was lower 
than reported for films and most o f them slipped in the grip. The epoxy glue used would 
not hold the fiber and completely failed when the diameter began to change under the 
stress. To get around this, the film testing fixtures supplied with the Instron 5800 were 
modified. Both the upper and lower grips were equipped with the same modifications. 
The film testing fixture had rubber faces on both sides of the 1” grips. On one side a 
piece o f 1/32” aluminum covering the surface was installed with double sided tape. The 
‘A” washer was used attached to the other side in the same fashion. The washer was 
ground flat on the side facing the open test region. The ground area to the open hole was 
V ”. Both surfaces were polished with 600 grit sand paper. The modulus then compared 
closely to those o f the film, and 1 in 30 was lost to slippage. Setup for the tensile test 
involved the cutting o f poster board to 3” by 10” first. Then the center line and outer 
edge of gauge length were marked. This was followed by double sided tape being placed 
on the outer edge o f gauge length, which left the gauge length opened. The fourth step 
was to cut fibers into 2 A” and place them across gauge length, handling outside what
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would become the test area. Efforts were made to obtain 90° to the center line. Next the 
gauge length edges were marked for installation in the test fixture, and then the diameters 
were measured in three locations, both edges and the center line. Lastly the three 
diameters were averaged and used this value for tensile test.
Differential Scanning Calorimetry (DSC)
The thermal properties o f the fibers were characterized using a Perkin Elmer DSC 7 
calorimeter at a heating rate o f 10°C/min in a nitrogen atmosphere. The Tg was taken at 
the inflection point of the baseline where the step change occurs.
Thermogravimetric Analysis (TGA)
Thermooxidative stability o f the fibers was determined using a Perkin Elmer Pyris 
Diamond thermogravimetric analyzer. The experiments were run from room temperature 
to 750°C at a heating rate o f 5°C/min in an air atmosphere. The temperature at which 5% 
weight loss occurred was taken as the point o f comparison for oxidative stability. 
Microscopy
Optical micrographs o f the extruded rods and drawn fibers were acquired using an 
Olympus BH-2 microscope coupled to Scion Image v. 1.62c image capture software. 
Scanning electron micrographs were taken on a Hitachi S-5200 High Resolution 
Scanning Electron Microscope (HRSEM) using a secondary electron detector. The low 
accelerating voltages and probe currents obtainable on the S-5200 permitted imaging of 
the samples without the application o f a conducting metal overlayer. In order to examine 
SWCNT alignment through the fiber cross section, fibers were partially dissolved in 
chloroform for various lengths o f time and imaged at each time increment. This sample 
preparation allowed up to ~60% of the fiber cross section to be removed for analysis o f
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the residual fiber.
Raman Spectroscopy
Raman scattering spectra were collected using a Thermo Nicolet Almega™ 
dispersive visible Raman spectrometer. A 785nm incident laser light excitation was used, 
and the laser beam was focused on the sample using an optical microscope. Low 
excitation laser power (10%) was used to minimize sample heating. The microscope 
accessory permitted the collection o f Raman spectra at specific areas o f the fiber surfaces 
and cross-section. The parallel and perpendicular cross-sections of the fibers were 
prepared using a Leica ultramicrotome with a diamond knife.
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ULTEM  RESULTS AND DISCUSSION
One of the difficulties in processing structural nanocomposites, is the high 
viscosity o f the pure matrix material. With the addition of carbon nanotubes, there was 
concern that the viscosity would increase significantly. For this reason, the viscosity was 
always documented for the mixing process. Measurements o f torque for the half size 
mixer, and application of the conversion equations supplied by C.W. Brabender, 
produced the results shown in Table 4-1.
Table 4-1: Viscosity o f Nanocomposite Melt, 325°C and 50 RPM.
SWCNT Concentration 
(SWCNT Wt %)
Ultem Viscosity 
(Poise @30 m in .)
0 16000
0.3 16600
1.0 16400
The doped materials had about the same viscosities as the undoped resin and all 
were shown to be thermal stable for the mixing times given. With these results, the 
extruder was set in the same operating conditions for all materials. The extruder zones 
were set to 275, 345 and 345 for zones 1-3 respectively, with an RPM at 20, and the 
nozzle had a 1 mm orifice. The maximum draw-down for continuous fiber production is 
listed in the Table 4-2.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
28
Table 4-2 
Fiber Drawing Parameters
SWCNT Concentration 
(Wt %)
Draw Rate 
(m/min)
Draw Ratio
0 > 100 10/1
0.3 < 100 5/1
1.0 < 50 4/1
Tensile Testing
The Dumbbell and films produced were important to show that there is indeed a 
reason for selecting fibers over other possible geometries. While yield and ultimate 
strength went up, there was a reduction in the modulus.
Table 4-3 
Tensile Film Test Results
Ultimate
Strength
MPa
Yield
Strength
MPa
Modulus of
Elasticity
GPa
%
Elongation
Energy in- 
lbf/inA3
Ultem
Ref.
75 55 6.46 1.8 8.07
0.3wt%
SWCNT
110.3 95.2 5.76 2.9 20.01
lwt%
SWCNT
98.9 93.6 6.0 2.3 13.49
%Change %Change %Change %Change %Change
0.3%
SWCNT
47 73 -11 61 148
1%
SWCNT
32 70 -7 28 67
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Ultem nanocomposite fibers o f various diameters were produced to determine 
whether fiber cross sectional area had significant effect on the mechanical properties. 
An examination o f the data generated showed that there was no significant effect for the 
fiber diameter ranged used in this study. Therefore, the data presented in the next section 
represents an average of all mechanical test data for the different fiber diameters. Table 
4-4 documents the cross sectional areas average, the standard deviation and number of 
specimens used to generate the information in the next section.
Table 4-4
Number o f samples and Cross Sectional Areas for Ultem Nanocomposites
Tensile Test 
Rate, 
mm/min
Weight%
SWCNT
Cross-sectional 
Area, mm2
Standard
Deviation
Number of 
Data Points
1.27 0.0 0.07 0.02 15
0.1 0.03 0.04 20
0.3 0.04 0.03 19
1.0 0.08 0.02 19
7.5 0.0 0.06 0.03 10
0.1 0.03 0.01 10
0.3 0.04 0.01 9
1.0 0.09 0.02 10
32 0.0 0.05 0.03 20
0.1 0.03 0.02 11
0.3 0.05 0.02 11
1.0 0.09 0.02 11
Effect o f Tensile Test Rates on Mechanical Properties
Mechanical properties o f SWCNT doped Ultem 1000 doped rods and fibers 
appeared to have no relationship to cross-sectional area. Each o f the concentration was 
averaged out and plotted with respect to their mechanical properties. The data is shown in 
Table 4-5. The data shows that as nanotube concentration increased, the yield strength
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was improved. Doping Ultem with 1% nanotube resulted in approximately 30% increase 
in yield strength.
Table 4-5
Yield strength of Ultem Nanocomposites
Tensile Test 
Rate, mm/min
Weight%
SWCNT
Yield Strength, 
MPa
Standard
Deviation
Number of 
Data Points
1.27 0.0 73 6.7 15
0.1 86 7.3 20
0.3 91 4.7 19
1.0 94 5.3 19
7.5 0.0 77 4.7 10
0.1 88 8.2 10
0.3 93 4.9 9
1.0 101 4.1 10
32 0.0 77 9.8 20
0.1 91 7.0 11
0.3 99 5.3 11
1.0 96 5.1 11
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Graph 4-1: Plots o f yield strength o f Ultem nanocomposite mean value as a function 
o f CNT concentration at different test rates.
Graph 4-1 shows that 0.1 wt% SWCNT and undoped Ultem have similar slopes 
for yield strength increase at 1.27 and 7.5 mm/min between 0 and 0.1% SWCNT 
concentration, but in the same region the 32 mm/min has a sharper slope. Yield strength 
values for all rates increase with concentration up to 0.3wt% addition. This data suggests 
that at lwt% SWCNT concentration the composite material becomes more load rate 
sensitive. After 0.3wt% addition, the 32 mm/min is lower then the 7.5 mm/min but not 
as low as the 1.27 mm/min.
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The ultimate strength of nanocomposites is very sensitive to defects in the sample 
and is one o f the most difficult properties to enhance consistently. The data shown in 
Table 4-6 shows that there was no significant increase in strength o f Ultem 
nanocomposites as the nanotube concentration was increased to 1%, while approximately 
10% increase in 0.1% and 0.3% doped samples were observed. This illustrated the need 
to optimize processing conditions to improve dispersion homogeneity especially at higher 
doping concentrations.
Table 4-6
Ultimate Strength of Ultem Nanocomposites as a Function o f Tensile Test Rates
Tensile Test 
Rate, mm/min
Weight%
SWCNT
Ultimate 
Strength, MPa
Standard
Deviation
Number of 
Data Points
1.27 0.0 94 9.6 15
0.1 101 11.6 20
0.3 104 7.3 19
1.0 95 4.7 19
7.5 0.0 105 12.5 10
0.1 107 9.2 10
0.3 107 6.8 9
1.0 101 4.2 10
32 0.0 107 12.1 20
0.1 113 9.2 11
0.3 106 7.4 11
1.0 98 4.9 11
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Graph 4-2: Plots of ultimate mean value to concentration for different rates.
Graph 4-2 shows that instead o f enhancing ultimate strength, increasing nanotube 
concentration resulted in a deterioration of properties relative to the lower doping 
concentrations. While all rates show a decreasing of ultimate strength above a 
concentration above 0.3wt% doping of SWCNT when compared to reference undoped 
sample, the 32 mm/min tensile rate had a decrease below reference when concentration 
went above 0.1 wt%. The only ultimate strength still above reference at lwt% doping was 
tensile rate o f 1.27mm/min. This trend in the data may indicate the increasing difficulty 
of achieving a uniform dispersion as the doping concentration increases.
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The general observation o f the effect o f doping Ultem with CNTs is the decrease 
in elongation of the nanocomposite as shown in Table 4-7 This trend may be influenced 
by the stiffness o f the nanofiller and their tendency to concentrate along the 
circumference o f the nanocomposite fiber.
Table 4-7
% Elongation of Ultem Nanocomposites as a Function o f Tensile Test Rates
Tensile Test 
Rate, mm/min
Weight%
SWCNT
%Elongation Standard
Deviation
Number of 
Data Points
1.27 0.0 162 42.1 15
0.1 68 55.8 20
0.3 101 13.5 19
1.0 29 15.0 19
7.5 0.0 167 33.0 10
0.1 121 18.9 10
0.3 105 14.9 9
1.0 21 6.8 10
32 0.0 180 46.9 20
0.1 126 38.0 11
0.3 91 31.9 11
1.0 23 6.5 11
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Graph 4-3: Plot of %elongation mean value to concentration at different tensile test rates.
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Graph 4-3 illustrates that percent elongation showed a downward trend for all 
tensile rates with an increase in nanotube concentration. Property changes to the pure 
Ultem matrix appear with as little as 0.1 wt% SWCNT as can be seen by the change in 
slope from 0 to 0.1% CNT. As the tensile rates go down the slope change becomes more 
dramatic. Elongation also converged to approximately the same value at the higher CNT 
concentration.
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One of the mechanical properties that was sensitive to CNT reinforcement was 
tensile modulus. Table 4-8 shows that as little as 0.1% CNT doping can yield about 25% 
enhancement in modulus. Increasing the doping concentration to 1% resulted in about a 
40% increase in modulus.
Table 4-8
Modulus o f Ultem Nanocomposites as a Function of Tensile Test Rates
Tensile Test 
Rate, mm/min
Weight%
SWCNT
Tensile 
Modulus, GPa
Standard
Deviation
Number of 
Data Points
1.27 0.0 2.1 0.28 15
0.1 2.6 0.21 20
0.3 2.8 0.20 19
1.0 2.9 0.19 19
7.5 0.0 2.2 0.22 10
0.1 2.6 0.27 10
0.3 2.7 0.25 9
1.0 3.1 0.16 10
32 0.0 1.8 0.43 20
0.1 2.4 0.26 11
0.3 2.8 0.25 11
1.0 2.9 0.14 11
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Graph 4-4: Plots of modulus mean value to concentration o f CNT doping at different 
tensile rates.
Graph 4-4 shows that as anticipated, higher tensile rates result in higher moduli 
measured. The exception is the point from 32 mm/min which gave a lower than expected 
modulus relative to the undoped reference material. Where 1.27 and 7.5 mm/min had 
similar moduli o f -2.15 GPa, 32 mm/min produced a modulus of 1.8 GPa. For the lower 
CNT concentrations, the effect o f test rates was not visible until 1% doping was used. 
Moduli stayed similar till 0.3wt% addition, where 32mm/min resulted in a modulus of 
~2.7GPa. Values for moduli were sensitive to test rate at 1% CNT concentration. In all 
cases, the general trend was for increased modulus as a function of CNT concentration.
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The energy of rupture was calculated as the area under the stress strain curve and 
used as an indicator o f toughness. Table 4-9 shows a catastrophic loss o f toughness at 
1% CNT doping. This trend tracked the one observed for loss o f elongation as the 
nanotube concentration increased, and suggests embrittlement o f the nanocomposite.
Table 4-9
Energy of Rupture for Ultem Nanocomposites as a Function o f Test Rates
Tensile Test 
Rate, mm/min
Weight%
SWCNT
Energy, mJ Standard
Deviation
Number of 
Data Points
1.27 0.0 110 50.8 15
0.1 57 26.9 20
0.3 49 18.5 19
1.0 9 10.0 19
7.5 0.0 103 55.4 10
0.1 32 11.1 10
0.3 49 21.2 9
1.0 6 7.6 10
32 0.0 88 57.4 20
0.1 33 15.1 11
0.3 43 19.8 11
1.0 17 8.4 11
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Graph 4-5: Plots o f energy or toughness as a function o f various CNT concentrations with 
respect of tensile rates per minute.
Graph 4-5 illustrates that energy still shows a toughness decrease for 0.1 wt% 
doping of SWCNT; the decrease is more pronounced at higher test rates. Tensile rates of 
7.5 and 32 mm/min track closely with each other while 1.27 mm/min does not until after 
0.3wt% is added. All rates indicate a loss o f toughness with respect to increase doping 
concentration o f SWCNT.
Effect o f Processing Conditions on Mechanical Properties
Many samples were produced to examine the effect o f various parameters used in 
the melt processing. Fibers o f various diameters were produced. Their properties did not
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vary significantly as a function of the cross sectional area, therefore, all data presented in 
this section represent average values for the samples produced. Table 4-10 gives details 
on the samples sets used for the data in this section.
Table 4-10
Fiber Cross-sectional Area averages for Processing Conditions Used
Nitrogen
Purge,
y/n
Mixing
Time,
Min.
Wt%
SWCNT
Cross- 
Sectional 
Area, mm2
Standard
Deviation
Number 
o f Data 
Points
n 90 0.0 0.07 0.02 15
y 180 0.0 0.07 0.004 10
n 90 0.3 0.04 0.03 19
y 180 0.3 0.05 0.02 13
The change in processing conditions examined here is doubling processing time from 90 
minutes to 180 minutes and using nitrogen purging at the longer processing time. It was 
interesting to note that this modification resulted in pure Ultem having a 14% increase in 
yield strength at the longer mixing time. This change in processing parameters 
apparently resulted in better quality Ultem fibers. While there was a 30% increase of 
yield strength with 0.3% CNT doping using shorter mixing time with no nitrogen purge, 
the same doping concentration at the longer mixing time did not yield an improvement, 
despite taking the precaution of using a nitrogen purge to prevent degradation.
Table 4-11
Yield Strength Comparison for the Different Processing Procedures
Nitrogen
Purge,
y/n
Mixing
Time,
Min.
Wt%
SWCNT
Yield
Strength,
MPa
Standard
Deviation
Number 
of Data 
Points
n 90 0.0 73 6.7 15
y 180 0.0 85 3.9 10
n 90 0.3 91 4.7 19
y 180 0.3 86 3.7 13
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The ultimate strength of Ultem was increased by 10% with the addition of only 
0.3% CNT reinforcement. As with yield strength, the Ultem processed at longer times 
with a nitrogen purge had better ultimate strength (+11%) than the material processed for 
half the time without a nitrogen purge. Enhancement o f Ultem strength with the addition 
of 0.3% CNT was not noted when the nanocomposite was processed longer.
Table 4-12
Ultimate Strength Comparison for the Different Processing Procedures
Nitrogen
Purge,
y/n
Mixing
Time,
Min.
Wt%
SWCNT
Ultimate
Strength,
MPa
Standard
Deviation
Number 
o f Data 
Points
n 90 0.0 94 9.6 15
y 180 0.0 106 11.8 10
n 90 0.3 104 7.3 19
y 180 0.3 108 12.8 13
Changing the processing conditions had a significant difference in elongation. 
For the materials processed at shorter times, doping with 0.3% CNTs resulted in a 38% 
decrease in elongation, while the same set o f samples had a decrease o f only 11% when 
the longer processing times and nitrogen purge were employed. This difference in 
parameters is significant given that elongation, and subsequently toughness, are 
properties o f importance which have been difficult to improve by nanoreinforcement.
Table 4-13
Elongation Comparison o f the Different Processing Procedures
Nitrogen
Purge,
y/n
Mixing
Time,
Min.
Wt%
SWCNT
% Elongation Standard
Deviation
Number 
o f Data 
Points
n 90 0.0 162 42.1 15
y 180 0.0 142 40.1 10
n 90 0.3 101 13.5 19
y 180 0.3 127 40.9 13
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4 2
Modulus for the reference undoped materials mixed under different conditions was very 
similar, -2.1 GPa. When doped with 0.3wt%, the modulus was higher for the 1 lA  hour 
mix at 2.8 GPa (+31%) than the 3 hour mix at 2.5 GPa (+19%). Mixing under nitrogen at 
longer mixing times resulted in a slight decrease in modulus (—10%). This data supports 
the trends discussed for elongation; it is reasonable to expect stiffness to go down when 
elongation goes up.
Table 4-14
Modulus Comparison o f the Different Processing Procedures
Nitrogen
Purge,
y/n
Mixing
Time,
Min.
Wt%
SWCNT
Modulus,
GPa
Standard
Deviation
Number 
o f Data 
Points
n 90 0.0 2.1 0.28 15
y 180 0.0 2.1 0.11 10
n 90 0.3 2.8 0.20 19
y 180 0.3 2.5 0.20 13
Toughness or energy, was higher in the 3 hour mix than the 1.5 hour mix. The reference 
was 4% tougher for the 3 hour mix compared to the 1.5 hour mix. The improvement was 
more pronounced for the 0.3% doped CNT with toughness being -39%  greater at the 
longer mixing time with nitrogen purging. This translated to a decrease in toughness 
with the CNT doping of -40%  instead of -55%  when no nitrogen purge was used.
Table 4-15
Energy Comparison of the Different Processing Procedures
Nitrogen
Purge,
y/n
Mixing
Time,
Min.
Wt%
SWCNT
Energy, mJ Standard
Deviation
Number of 
Data 
Points
n 90 0.0 110 50.8 15
y 180 0.0 114 41.4 10
n 90 0.3 49 18.5 19
y 180 0.3 68 35.1 13
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LaRC-8515 RESULTS AND DISCUSSION
LaRC-8515 is a higher viscosity material than Ultem, so the processing conditions 
were adjusted. Mixing times tried are shown in Graph 5-1. When 0.3 wt% CNT in 
LaRC-8515 was mixed for 1.5 hours, it was very similar in properties to the undoped 
reference material, with the difference being within data scatter. When the reference data 
points are removed from the plot, it is easier to see the two distinct regions for mixing 
time. The data revealed that less than a three hour mixing time yielded poor mechanical 
properties. There was a significant jump in yield properties when mixing was performed 
for at least 3 hours. However, more than three hours o f mixing did not improve 
mechanical properties enough to warrant the additional mixing time. Based on this study, 
a three hour mixing time was selected, so LaRC-8515 was melt-mixed at 350°C with a 
nitrogen purge for 3 hours at 50 RPM or a shear rate o f 185s'1.
Melt mixing was performed under nitrogen when viscosities or torque values 
continued to increase, which indicated a chemical change in LaRC-8515. The changing 
viscosity meant that there was no control o f the properties obtained. When melt mixed for 
too long without a nitrogen purge, a powdery substance which would not melt in the 
range of the extrusion system was produced. Nitrogen purging stabilized the LaRC-8515 
throughout the mixing process. LaRC-8515 has better properties as a neat resin than does 
Ultem, so the goal was to use LaRC-8515.
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Graph 5-1: Effect of mixing time on yield strength for 0.3 wt% addition o f SWCNT to 
LaRC-8515.
Keeping track o f melt viscosity during melt processing was crucial to 
understanding the factors that contribute to optimum processing. Melt viscosities 
measured using the C.W. Brabender half size mixer, are shown in Table 5-1. There were 
no dramatic changes in viscosity with the addition of SWCNT for LaRC-8515. The 
differences in viscosity shown in Table 5-1 are within the resolution o f the torque 
rheometer.
Table 5-1
Viscosity of Nanocomposite Melt, 350°C and 50 RPM.
SWCNT Concentration 
(SWCNT Wt %)
LaRC-8515 
Viscosity 
(Poise @ 3hrs)
0 19850
0.3 16700
1.0 17500
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Extrusion was accomplished using the micro-extruder with the zones set at 275, 
345, and 365°C for zones 1-3 respectively, with an RPM of 20 and nitrogen gas purge in 
the hopper. Under these conditions, it was possible to draw the material down out o f the 
extruder to the levels shown in Table 5-2. Trying to draw the material down further 
would cause the composite fiber to break.
Table 5-2 
Fiber Drawing Parameters
SWCNT Concentration 
(Wt %)
Draw Rate 
(m/min)
Draw Ratio
0 > 100 10/1
0.3 < 100 5/1
1.0 < 50 4/1
Tensile Testing o f LaRC-8515 Nanocomposite Fibers
Graph 5-2 shows the exponential dependence o f yield strength on fiber diameter 
for doped and undoped LaRC-8515 fibers. Tensile test rate was 1.27mm/min. Here 0.3 
wt% SWCNT doped LaRC-8515 has higher yield strength than the 1.0 wt% SWCNT 
doped fiber. A reduction in cross sectional area results in exponential improvements in 
mechanical properties. Based on Graph 5-2, when the cross sectional area for 1 wt% 
SWCNT doped fiber is extrapolated to a cross sectional area o f 0.03mm2, the 
extrapolated yield strength is 192 MPa compared to only 120 MPa for the undoped 
reference.
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y = m + m2*exp (m3*x) y = m1*x/(m2+x) y = ml + m2*exp(m3*x)
Value Error Value Error Value Error
ml 112.22 3.1767
ml 95.331 6.0882 ml 108.35 2.5116m2 276.71 74.907 m2 15454 51372
m2 -0.022986 0.0038206m3 -39.78 6.4131 m3 -240.2 126.89
Chisq 1191.2 NA Chisq 169.97 NA Chisq 859.4 NA
R 0.90753 NA R 0.84724 NA R 0.8149 NA
Graph 5-2: Effect o f cross sectional area on yield strength o f SWCNT doped LaRC-8515.
Graph 5-3 displays the ultimate strength for LaRC-8515 measured at a tensile rate 
of 1.27 mm/min. It shows exponential increases in strength with the reduction o f cross 
sectional area for different concentrations o f SWCNT. A reduction o f cross sectional 
area to 0.03 mm2 produces a strength o f 230 MPa for doped LaRC-8515 and 190 MPa for
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undoped LaRC-8515 -- a 20% increase. Better properties using 0.3 wt% doping 
compared 1 wt% doping may due to unoptimized dispersion of SWCNTs at the higher 
concentration. This observation suggests that with better processing conditions, much 
more mechanical property enhancements may be achievable with higher doping content.
-e —  1wt% Ultimate, MPa 
- h— 0.3wt% Ultimate, MPa 
-o -  Ref. Ultimate, MPa
220
200
180
160
140
120
100
0.02 0.04 0.06 0.08 0.12 0.14 0.16 0.180.1
Area, mmA2
y = m1 + m2*exp(m3*x) y = mTx/(m2+x) y = mi*x/(m2+x)
Value Error Value Error Value Error
ml 116.8 3.0928 ml 102.24 7.4214 ml 109.01 4.4626m2 427.52 107.43
m2 -0.023981 0.004263 m2 -0.012568 0.00084858m3 -45.288 5.9725
Chisq 1356.3 NA Chisq 267.62 NA Chisq 2060.2 NA
R 0.92888 NA R 0.82945 NA R 0.92009 NA
Graph 5-3: Effect o f fiber cross sectional area on ultimate strength o f SWCNT doped 
LaRC-8515.
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-e— 1wt% Modulus, GPa 
-0— 0.3wt% Modulus, GPa 
-o — Ref. Modulus, GPa
5.5
4.5
oo
3.5 □m
a  j.o
2.5
0.12 0.14 0.16 0.180.02 0.04 0.06 0.08 0.1
Area, mmA2
y = ml + m2*exp(m3*x) y = ml + m2*exp(m3*x) y = ml + m2*exp(m3*x)
Value Error Value Error Value Error
ml 3.3965 0.36651 ml 2.1174 4.6276 ml 3.1681 0.089115
m2 3.8167 1.5423 m2 2.8665 2.0283 m2 11.388 13.484
m3 -21.245 11.26 m3 -8.9561 32.972 m3 -102.77 45.764
Chisq 4.3622 NA Chisq 0.084377 NA Chisq 0.45772 NA
R 0.70318 NA R 0.85261 NA R 0.85195 NA
Graph 5-4: Effect o f cross sectional area on modulus o f SWCNT doped LaRC-8515.
Graph 5-4 depicts exponential modulus increases as a function o f SWCNT 
concentration and fiber cross sectional area. Drawing the nanocomposite fiber to smaller 
diameters resulted in mechanical property enhancements. This suggests that the drawing 
resulted in the alignment o f the nanofiller necessary to effect the modulus enhancement.
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Unlike strength data shown in the previous two graphs, the trend observed here for 
modulus increases are directly related to the concentration of SWCNT doping.
With a cross sectional area extrapolated to 0.03mm , theoretical values for the 
corresponding moduli are obtained and shown in Table 5-3. Here 1% has better 
properties than 0.3%, as anticipated. This is inconsistent with strength data and perhaps 
is an indicator that, indeed, higher SWCNT content results in better mechanical 
properties. It is also indicative of the modulus being less sensitive to sample defects than 
ultimate strength. Therefore, processing optimization is critical to taking advantage o f the 
incredible mechanical properties offered by SWCNTs.
Table 5-3
Modulus Extrapolated for 0.03 mm2 Cross Sectional Area
wt% Modulus, GPa R value
0.0 3.69 0.323
0.3 4.31 0.185
1.0 5.98 0.527
Graph 5-5 is a scatter plot o f fiber elongation data. It indicates that there is a large 
error range which makes a good curve fit less likely. The data tabulated in Table 5-4 
reflects this scatter in the large standard deviations. In spite o f the large errors, the data 
were still sufficiently different to allow the abstraction of trends as a result o f doping 
concentration. Therefore, as with the Ultem data for energy and elongation, the average 
values were taken for each concentration without respect o f area and the mean values 
were plotted as shown in Graph 5-6. Elongation decreased significantly when LaRC- 
8515 was doped with SWCNT. This is indicative o f embrittlement o f the nanocomposite 
with the addition o f the nanofiller.
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Graph 5-5: Effect o f cross sectional area on % Elongation of SWCNT doped LaRC-8515.
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Graph 5-6: Effect o f SWCNT concentration on % Elongation.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
51
Table 5-4
Elongation and Standard Deviation Data Graph 5-6
wt% % Elongation Standard deviation
0.0 99.0 27.3
0.3 32.0 10.5
1.0 16.7 7.6
o 1wt% Energy, mJ 
□ 0.3wt% Energy, mJ
 ^ Ref. Energy, mJ
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Graph 5-7: Effect o f cross sectional area on toughness o f LaRC-8515 nanocomposites.
Graph 5-7 shows the effect o f cross sectional area on the toughness o f LaRC- 
8515. The data was obtained by calculating the energy under the stress strain curve. The 
large scatter in the data makes a good curve fit meaningless; therefore, as with the Ultem 
data for energy and elongation, the average values were taken for each concentration 
regardless o f area, and the mean values were plotted in Graph 5-8. Table 5-5 shows that 
the deviations were large but the overlap in the range of data for the different doping
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concentrations still allowed trends in toughness as a function of doping concentration to 
be discerned. Toughness decreased significantly when LaRC-8515 was doped with 
SWCNT. This is indicative o f embrittlement o f the nanocomposite with the addition of 
the nanofiller.
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Graph 5-8: The Plot is o f energy or toughness with respect to concentration.
Table 5-5
Toughness and Standard Deviation Data for Graph 5-8
wt% Energy, mJ Standard deviation
0.0 72.89 33.8
0.3 40.97 18.1
1.0 17.06 8.7
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—©—  1wt% Yield, MPa 
- a — 0,3wt% Yield, MPa 
- a — ref. Yield, MPa
200
180
160
140
120
100
80
0 0.05 0.1 0.15 0.2
Area, mmA2
y= ml +m2*(1 -exp(-m3*x)) y = ml + m2*(1 - exp(-m3*x)) y = ml + m2*exp(m3*x)
Value Error Value Error Value Error
ml 208.98 41.459 ml 235.57 27.974 ml 101.96 2.8836
m2 -106.98 39.589 m2 -143.73 27.557 m2 245.85 46.333
m3 22.578 6.9228 m3 20.252 3.5188 m3 -78.205 11.255
Chisq 1770.2 NA Chisq 763.56 NA Chisq 811.59 NA
R 0.79052 NA R 0.95344 NA R 0.97175 NA
Graph 5-9: Effect o f cross-sectional area on yield strength.
The exponential character o f yield strength for the LaRC-8515 nanocomposite 
fiber is shown in Graph 5-9. Tensile rate used was 7.5 mm/min and the cross-sectional 
area curve fit was produced with respect to yield strength. The trends in effect of 
nanotube doping are most pronounced at the smaller cross sectional areas where it can be
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seen that 0.3wt% doping yields similar strength as the lwt% doped nanocomposite at this 
test rate. As anticipated, higher test rates tend to be less sensitive to small changes in 
material composition.
—e—  1wt% Ultimate, MPa 
-s— 0.3wt% Ultimate, MPa 
- a — ref. Ultimate, MPa
300
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150
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0 0.05 0.1 0.15 0.2
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Graph 5-10: Plot of ultimate strength with respect to fiber cross sectional area at a test 
rate o f 7.5 mm/min.
Graph 5-10 shows that at small fiber diameters, the ultimate strength o f 
nanocomposites is still higher than pure matrix resin; however, the higher test rate does 
not provide a significant distinction between property enhancements provided by 0.3% 
and 1.0% SWCNT doping. Slightly higher strength shown by the 0.3% doped 
composition may be a reflection o f the better quality fiber produced for the lower doping 
concentration compared to the more difficult to process 1.0% doped fiber. Since strength
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is very sensitive to sample quality, the data suggests that there is still a need to optimize 
processing conditions for higher CNT doping to take full advantage o f the mechanical 
properties o f SWCNTs.
-e—  1wt% Modulus, GPa 
-s— 0.3wt% Modulus, GPa 
- a — ref. Modulus, GPa
7
6
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noo ' 
□  A  13 -e
2
1
0 0.05 0.1 0.15 0.2
Area, mmA2
y - ni1 + m2*exp(m3*x) y = ml + m2*exp(m3*x) y = mfx/(m2+x)
Value E rror Value E rror Value Error
ml 1.8425 0.15401 ml 1.8001 0.09809 ml 2.4922 0.126
m2 3.0473 0.33441 m2 4.4567 0.56476
m2 -0.0090671 0.00046021m3 -5.7518 1.2063 m3 -12.142 2.0876
Chisq 2.5225 NA Chisq 0.81771 NA Chisq 3.5914 NA
R 0.91351 NA R 0.977 NA R 0.94684 NA
Graph 5-11: Plot o f modulus with respect to cross sectional area obtained at 7.5 mm/min 
test rate.
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Graph 5-11 depicts the exponential modulus increase as a function o f SWCNT 
concentration and fiber cross sectional area. General trends noted are higher moduli as 
cross sectional area is decreased, suggesting that drawing may align the nanotubes to 
provide better mechanical reinforcement than randomly oriented nanotubes. 
Furthermore, a higher CNT content results in higher modulus, although at this test rate, 
increasing CNT content from 0.3% to 1.0% was sufficient to affect material response to 
the faster test rate so that the increase in modulus with respect to cross sectional area is 
not as pronounced for the 1.0% doped nanocomposite compared to the 0.3% doped 
material.
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Graph 5-12: Plot o f percent elongation with respect to cross sectional area at 7.5 mm/min 
test rate.
oo
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Although the data shown on Graph 5-12 has significant scatter, it generally shows 
that elongation does not follow the same trends as yield, ultimate strength, and modulus 
do for the LaRC-8515 nanocomposites tested at 7.5 mm/min. Since the large scatter in 
the data makes a good curve fit meaningless, the average values were taken for each 
concentration regardless of area, and the mean values were plotted in Graph 5-13. Table 
5-6 shows that the deviations were large but the overlap in the range of data for the 
different doping concentrations still allowed trends in elongation as a function o f doping 
concentration to be abstracted. Elongation decreased significantly when LaRC-8515 was 
doped with SWCNT. This is indicative o f embrittlement o f the nanocomposite with the 
addition o f the nanofiller.
45
- 0.2 0 0.2 0.4 0.6 0.8 1 1.2
SWCNT % Cone.
Graph 5-13: Effect o f SWCNT doping on mean elongation of LaRC-8515 
nanocomposites.
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Table 5-6
Elongaition and Standard Deviation Data Graph 5-13
Wt% % Elongation Standard deviation
0.0 45.0 19.4
0.3 27.9 13.2
1.0 15.7 5.8
Considering that toughness measured as the area under the stress strain curve is 
related to percent elongation, it is not surprising that there is also significant scatter noted 
in that set o f data as shown in Graph 5-14. It is interesting to note that data scatter was 
greater in the large fiber diameter portion o f the plot where the effect o f sample defects 
are more pronounced. This indicates the need for improved processing of this structural 
nanocomposite. The same data extraction procedure was used here to generate the data 
in Table 5-7 and plotted in Graph 5-15.
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Graph 5-14: Plot o f energy or toughness with respect to cross section area.
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Table 5-7
Toughness and Standard Deviation Data Graph 5-15
Wt% Energy mJ Standard deviation
0.0 49.81 45.5
0.3 67.73 74.9
1.0 28.83 36.6
Table 5-7 shows a large standard deviation for all compositions. It was noted 
however that most o f the scatter can be attributed to the larger diameter fibers. For 
example, if  data for the larger cross sectional area fibers/rods were not included in the 
sample, the deviation decreases to 15.9 from 74.9, with mean value o f energy being 32 
mJ, putting the energy value of the 0.3% doped sample between values obtained for 
undoped and 1% doped nanocomposite toughness. Generally speaking, the data 
demonstrate a decrease in nanocomposite toughness with increasing SWCNT doping.
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Graph 5-15: Plot showing the mean value o f energy with respect to SWCNT 
concentration for LaRC-8515 nanocomposites.
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Tensile Testing o f LaRC-8515 Nanocomposite Dumbbell Moldings
Tensile testing of dumbbell moldings o f LaRC-8515 nanocomposites was also 
carried out to examine the effects incorporating randomly oriented SWCNTs into a 
structural polymer matrix. Graph 5-16 reveals that increasing SWCNT doping improved 
yield strength by more than 40% with a 10% SWCNT content. Further addition of 
SWCNT resulted in a significant decrease in yield strength. It should be noted that 
processing nanocomposites with unaligned SWCNTs did not result efficient property 
enhancements for structural nanocomposites. Fiber drawing o f pure LaRC-8515 resulted 
in a yield strength o f approximately 110 MPa, almost triple the value obtained for molded 
specimens. With the addition o f only 1% SWCNTs, up to 60% improvement in yield 
strength was realized in drawn fiber nanocomposites compared to approximately a 40% 
increase when 10% SWCNTs are added to molded nanocomposites.
-5 0 5 10 15 20 25
SW CNT % Conc.
Graph 5-16: Effect o f SWCNT concentration on yield strength of LaRC-8515 molded 
nanocomposites.
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Graph 5-17 illustrates the sensitivity o f ultimate strength to sample quality. It 
reveals that the highest ultimate strength was obtained for LaRC-8515 doped with 1% 
SWCNTs. Ultimate strength plateaued when SWCNT doping was doubled from 5% to 
10% then dramatically decreased when 20% SWCNTs was incorporated. Higher 
concentrations o f SWCNTs made the nanocomposite melt much more difficult to 
process, yielding lower quality samples unless the process has been optimized. The data 
shown here demonstrates how difficult it is to obtain significant ultimate strength 
enhancement through the incorporation o f a high aspect ratio nanofiller.
75
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Graph 5-17: Effect o f SWCNT concentration on ultimate strength o f LaRC-8515 molded 
nanocomposites.
In contrast to ultimate strength improvements, modulus enhancements are not as 
sensitive to material quality. Even unoptimized materials possessed approximately 20% 
increase in modulus as shown in Graph 5-18. However, a 10% gain in modulus was not
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obtained until 5% SWCNT doping was used. Furthermore, to illustrate the importance o f 
aligned nanofillers, the modulus for 1% SWCNT doped LaRC-8515 nanocomposite fiber 
had more than a 40% increase over undoped drawn LaRC-8515 fiber, compared to no 
gain in modulus for a similarly doped molded specimen.
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Graph 5-18: Effect o f SWCNT concentration on modulus o f LaRC-8515 molded
nanocomposites.
Consistent with observations from the mechanical properties o f LaRC-8515 
nanocomposite fibers, enhancements in toughness are difficult to obtain. Figure 5-19 
shows that toughness doubled for LaRC-8515 when it was doped with 1% SWCNTs. 
However, increasing SWCNT content resulted in progressively lower toughness. This 
points once more to the difficulty o f processing SWCNT doped nanocomposites to avoid 
embrittlement o f the material due to improper mixing conditions.
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Graph 5-19: Effect o f SWCNT concentration on toughness o f LaRC-8515 molded 
nanocomposites.
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COMPARISON OF ULTEM AND LARC-8515 NANOCOMPOSITES RESULTS 
AND DISCUSSION 
M e lt P ro cess in g
Among the factors that need consideration in melt processing o f engineering 
polymers is the possibility o f polymer degradation when elevated temperatures are used 
in conjunction with high shear forces to obtain good quality extrudates. The initial work 
for this project was centered around using easily accessible engineering polymers. Ultem 
was chosen because it is available in large quantities at a reasonable cost and it belongs to 
the polyimide class o f polymers which have a very attractive suite o f properties to 
support aerospace application needs. However, there are other polyimide compositions 
which provide much better matrix properties e.g. LaRC-8515. Due to the interest in 
understanding variables that can affect nanocomposite properties, there was interest in 
minimizing the number o f different parameters used to produce the nanocomposites.
SWCNT/Ultem nanocomposites were melt mixed for one or one and a half hours 
to assure as uniform a dispersion o f SWCNTs in the nanocomposite as possible. 
Monitoring of viscosity while melt mixing pure Ultem for several hours showed no 
significant change in viscosity, suggesting the absence o f severe polymer molecular 
weight degradation under these processing conditions. The apparent viscosities at a shear 
rate o f 185s'1 (based on manufacturer specifications) after 30 minutes o f mixing at a 
temperature o f 325°C are shown in Table 6-1. No significant increases in viscosity were 
noted with the addition o f SWCNTs at the levels used in this investigation.
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Table 6-1
Viscosity o f Nanocomposite Melt
SWCNT Concentration 
(SWCNT Wt %)
Ultem Viscosity 
@ 325°C
(Poise @30 m in .)
LaRC-8515 
Viscosity 
@ 350°C 
(Poise @ 3hrs)
0 16000 19850
0.3 16600 16700
1.0 16400 17500
Data in Table 6-1 indicate that LaRC-8515 is a more difficult material to process than 
Ultem. Initial efforts to obtain usable material forms necessitated a processing 
temperature o f 350°C. At this temperature and a shear rate o f 185 s 'l , signs of 
degradation were noted. A nitrogen purge was necessary to allow the production of 
better quality LaRC-8515 nanocomposites, so SWCNT/LaRC-8515 nanocomposites were 
melt-mixed for three hours under nitrogen at 350°C at the same shear rate, 185 s '1. Table 
6-1 shows that like the Ultem, there were no significant changes in the melt viscosity 
with respect to time or the addition o f SWCNT. Unlike Ultem, which has an average 
viscosity of 16333 Poise at 325°C, LaRC-8515 has an average viscosity o f 18016 Poise at 
350°C. This difference is affirmation that 8515 is a more difficult material to process. 
D iffe ren tia l S ca n n in g  C a lorim etry
The literature value for Ultem’s glass transition temperature (Tg) is 217°C. LaRC- 
8515 has a Tg of 237°C. As the data in Table 6-2 indicates, relative to pure Ultem and 
LaRC-8515, doping with SWCNTs at the concentrations used in this study did not affect 
the glass transition temperature of either SWCNT doped nanocomposite. The stability of 
the Tg suggests that processing o f the material under the conditions used for melt mixing 
did not degrade the polymer to a degree that would have been reflected in glass transition 
temperatures.
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Table 6-2
Thermal Properties
Concentration 
(Wt %)
Sample Form Glass Transition Temperature 
(°C)
5% Wt Loss Temp 
(°C)
Ultem/SWCNT
0 Film 217 500
Fiber 217 502
0.3 Film 215 490
Fiber - -
1.0 Film 212 487
Fiber 213 483
8515/SWCNT
@
0 Fiber 237 535
0.3 Fiber 238 540
1.0 Fiber 239 524
T h erm ogra  v im etric  A n a ly sis
Thermooxidative stability was determined by the temperature at which a 5%  weight 
loss was observed for the sample when dynamic thermogravimetric analysis was 
employed. Data shown in Table 6-2 suggests that doping of Ultem and LaRC-8515 with 
1 wt% SWCNT reduced their thermooxidative stability slightly. With the presence of 
approximately 3% residual catalyst in the SWCNT dopant, the reduced stability could 
have been due to degradation catalyzed by the presence of residual iron. The accelerated 
thermal degradation by iron catalysts has been observed with unpurified SWCNTs, where 
SWCNTs began to degrade at temperatures as low as 300°C [1]. Dispersing SWCNTs
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with a low level o f remnant iron catalysts (3wt% or less) in a polymer matrix has been 
reported to increase thermal stability o f the nanocomposites elsewhere [2].
T en sile  T estin g
To determine the effect o f fiber drawing on the resulting material properties of 
nanocomposites, baseline data were collected for films cast from Ultem resin and 
nanocomposites. Since LaRC-8515 is not a soluble polyimide, the baseline material form 
used was molded dumbbell test specimens. A summary for data obtained from film 
casted Ultem specimens is given in Table 6-3. Data show that yield and ultimate strength 
increased and there was a reduction in the modulus. The modulus o f the 1 wt% SWCNT 
doped material showed trends that indicate the addition o f CNT would cause the material 
to stiffen up without reducing elongation or toughness beyond those of the reference. 
The corresponding properties for Ultem nanocomposite fibers are presented in Table 6-4.
Table 6-3
Summary o f Mechanical Properties from Tensile Testing o f Ultem Films
Tensile
Strength
MPa
Yield
Strength
MPa
Modulus of
Elasticity
GPa
%
Elongation
Energy in- 
lbf/inA3
Ultem
Ref. 75 55 6.46 1.8
8.07
0.3wt%
SWCNT 110.3 95.2 5.76 2.9
20.01
lwt%
SWCNT 98.9 93.6 6.0 2.3
13.49
%Change %Change %Change %Change %Change
0.3%
SWCNT 47 73 -11 61 148
1%
SWCNT 32 70 -7 28 67
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Table 6-4
SWCNT
Content
Test
Equip.
Crosshead
Speed
Tensile
Modulus Elongation Toughness
Ultimate
Strength
Yield
Stress
(Wt %) (mm/min) (GPa) (%) (mJ/mm3) (MPa) (MPa)
0 Instron 7.5 2.2 175 123 105 74
RSA* 25 2.4 94 — 87 74
0.1 Instron 7.5 2.6 125 100 105 86
0.3 Instron 7.5 2.8 110 92 105 94
1.0 Instron 7.5 3.2 20 6 105 100
RSA* 25 3.1 60 — 105 97
jers Tensile Properties
* There was no fiber testing fixture for the Instron used, so one was designed. To confirm 
that the results were valid, an outside source, RSA, was used. They used a larger gauge 
length and higher rates but obtained similar results.
Table 6-4 revealed that fiber mechanical properties for Ultem nanocomposites 
showed continued improvement in modulus and yield strength with increasing SWCNT 
doping concentrations and no significant changes in ultimate strength and large decreases 
in elongation and toughness. This contrasts with the film properties presented in Table 6- 
3 for cast film specimens where elongation, toughness, ultimate and yield strength were 
all enhanced with small concentrations o f SWCNT reinforcement while modulus did not 
decreased. It must be noted however, that the baseline properties relative to which these 
comparisons were drawn were all lower for the unoriented cast film case relative to the 
aligned drawn fiber case. The data therefore supports using drawn fibers to achieve the 
best properties for Ultem nanocomposites.
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Graph 6-1 presents data for neat LaRC-8515 and 1% SWCNT doped LaRC-8515 
from molded dumbbell and drawn fiber specimens. The data reported here is based on 
mechanical properties for 0.05 mm cross-sectional fibers. Items of note are the 
difference in ultimate strength for doped and undoped LaRC-8515 whether it was 
measured on molded or fiber specimens. For the molded dumbbell specimens, doping 
with 1% SWCNT resulted in approximately a 25% increase in ultimate strength. For the 
drawn fiber however, doping at the same level resulted in a slightly better enhancement
■  Neat LaRC-8515
■  Neat LaRC-8515
■  1% SWCNT & LaRC 8515
■  1% SWCNT & LaRC 8515
Dumbbell Fiber Dumbbell Fiber
Graph 6-1: Comparison o f ultimate strength for LaRC-8515 as a function o f sample 
configuration.
of 30%. However, the more dramatic differences are seen in the effect o f fiber drawing 
on ultimate strength enhancement even for the undoped LaRC-8515, where post­
processing with fiber drawing yielded an almost three-fold increase in ultimate strength. 
When doped with a small amount o f SWCNT, the increase in ultimate strength amounts 
to an almost fourfold increase.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
70
■ Fiber
■ Dumbbell
80 
70 
60
" e
f  50
E
40
CDc
S' 30o H
20 
10 
0
0 1 
SV\CNT Concentration, wt%
Graph 6-2: Toughness o f LaRC-8515 nanocomposite dumbbells and fibers.
Graph 6-2 compares tensile test data o f flat dumbbells and fibers o f LaRC-8515 
nanocomposites doped with 1% SWCNT. It shows that small concentrations o f CNT 
yielded a doubling o f toughness for these specimens when prepared as dumbbells. On the 
other hand, doping nanocomposite fibers with the same amount o f SWCNTs resulted in a 
50% loss o f toughness. This illustrates that carbon nanotubes may not be able to increase 
all mechanical properties simultaneously. Nanotube alignment in the nanocomposites 
(fibers) increases strength, yield and modulus while sacrificing elongation and toughness. 
However, a random distribution o f the nanofiller (dumbbell specimens) can actually 
improve toughness. These results suggest that processing of nanocomposites is dictated 
by the set o f properties required by the specific application. Furthermore, a larger 
concentration of SWCNT will require significant work in determining the optimum
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processing conditions to prevent the production o f a ceramic like powder which cannot 
be fabricated into useful articles.
For this project, the sample configuration of choice based on the data presented is 
drawn fiber. This is consistent with the conclusion drawn for the Ultem nanocomposites. 
There is evidence below that fiber drawing results in the alignment o f the reinforcing 
nanofillers which contribute to the property enhancements.
Fiber @ 0.05mm2 Cross Section Area
5 
4
ro
CL o
CD 6
CO
1 
0
Ultem® LaRC-8515
Graph 6-2: Comparison o f modulus improvement for Ultem and LaRC-8515 
nanocomposite fibers.
Ultem is a very useful reference/model material for developing melt processing
parameters, but it does not have the high mechanical properties o f LaRC-8515 as shown
in Graph 6-2. It was observed that the addition of 1%  SWCNT to Ultem resulted in a
—45% increase in modulus relative to the base polymer. Modulus improvement for
LaRC-8515 was on the order o f 50%.
Neat Polymer 
1% SWCNT
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Fiber @ 0.05mm2 Cross Section Area
200
Ultem
Ultem w/1 %SWCNT 
LaRC 8515
LaRC 8515 w/1%SWCNT
Yield Ultimate
Graph 6-3: Comparison o f the yield and ultimate strength enhancements obtained by 1% 
doping of Ultem and LaRC-8515.
Graph 6-3 shows that both yield and ultimate strength o f nanocomposite fibers are 
improved by doping LaRC-8515 with as little as 1% SWCNT. With Ultem, there was a 
significant improvement in yield strength but none in ultimate strength. Although both 
Ultem and LaRC-8515 are polyimides, differences in their chemical composition may 
contribute to different interfacial properties that result in more effective 
nanoreinforcement for one matrix compared to the other.
In order to better understand the results presented, computational modeling was 
employed to examine the relationship between the nanotubes and the matrix material. 
The actual molecular structures are shown in the experimental section o f the paper, 
Figure 3-1. While the two polymers selected have the properties needed for aerospace 
application, they differ in chemical structure and therefore conformation. Computational 
modeling [26] showed that Ultem tends to wrap around the nanotube while LaRC-8515
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orients along the length of the nanotube. Both polymers have imide groups which have a 
high affinity for the nanotube. However, LaRC-8515’s preferred orientation has more 
rotatable bonds along the polymer backbone which allows the imide groups to align near 
the nanotubes, thereby maximizing the van der Waals interactions between it and the 
nanotube. This produces a more desirable polymer nanotube interface compared to 
Ultem, contributing to superior properties o f LaRC-8515 nanocomposites relative to 
Ultem nanocomposites.
(JltQtYi® tm&RG 8515
y -  • „  * ”
V* .!   ....... "■ 4 ' '
a) b)
Figure 6-1: Computational models depicting the preferred orientation of the polymers -  
a) Ultem and b) LaRC-8515 — to the nanotubes. Imide groups shown in blue, red is 
oxygen, white is carbon.
M icro sco p y
Optical microscopy was used to examine fiber quality o f the fiber drawn from the 
extruded rods. Careful inspection of the photographs in Figure 6-2 reveals that along 
with darkening o f the neat materials by the addition CNT, there is a notable roughness on 
the surfaces. It appears that although inclusion of nanotubes at low levels did not affect
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Ultem
Ultem & 1%  SWCNT LaRC-8515 &  \ %  SWCNT
Figure 6-2: Optical micrographs of Ultem, 1 wt% SWCNT/Ultem fibers, LaRC-8515, 
and LaRC-8515 with 1%SWCNT.
the melt viscosity, their presence was sufficient to disturb melt flow and was manifested 
as surface roughness in the extrudate and drawn fiber. This result was consistent with 
what was observed by Haggenmueller et al [3] for PMMA/SWCNT nanocomposites; 
however, the speculation that this is caused by increased viscosity as a result o f SWCNT 
doping was not observed for either SWCNT/Ultem or SWCNT/LaRC-8515 
nanocomposite where the increase in viscosity upon addition of SWCNTs was not 
significant. The extrudate surface features could be indicative o f extrusion conditions 
that were not optimized for the SWCNT nanocomposite melt. The presence o f the high
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L/D nanotubes and their agglomerates may be responsible for melt flow disruptions that 
require further optimization o f the melt processing conditions. The presence of 
agglomerations was suggested by the detrimental effect of inconsistent melt strength on 
maximum fiber take-up speeds shown in Table 6-5. A gradient concentration of 
nanotubes with richer nanotube concentration near the edge of the fiber relative to the 
core (to be discussed in Raman Spectroscopy section) may also contribute to greater 
difficulty in drawing the nanocomposite fiber as SWCNT concentration is increased. 
Note that the draw rate and draw ratio both decreased as the SWCNT concentration 
increased.
Table 6-5 
Fiber Drawing Parameters
SWCNT Concentration 
(Wt %)
Draw Rate 
(m/min)
Draw Ratio
0 > 100 10/1
0.3 < 100 5/1
1.0 < 50 4/1
The inclusion o f the agglomerates in the fibers may have caused fiber surface 
roughening by dewetting the surrounding matrix resulting in decreased melt strength. 
Indeed, the micrograph shown in Figure 6-3 confirms the presence of significant SWCNT 
aggregates.
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S-5200 1.0kV 0.9mm x15.0kSE 5/15/03 ' 3.00um '
Figure 6-3: High resolution scanning electron micrograph of SWCNT aggregates in 
fractured fiber cross section.
S -6200 1 OkV 1,0mm xlOO S t  6/10/03 -5200 1 Uk V 1 Omrn x5iJ
Figure 6-4: High resolution scanning electron micrograph of fracture surface.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
77
Figure 6-5: High resolution scanning electron micrograph of cold fractured failure 
surface o f 1% SWCNT/LaRC-8515 nanocomposite.
Figures 6-4 and 6-5 are images taken o f a cold fractured fiber surface and are examples of 
SWCNT aggregate characteristics observed in several locations along the drawn fiber 
length. Note that there are SWCNTs embedded in the polymer matrix as well as dry 
bundles o f SWCNTs present in voids. There are no visible nanotubes extended from the 
fracture o f the fractured fiber shown in Figure 6-4. This indicates a good bonding and 
dispersion o f the nanotubes. There are areas that look like voids, but the planes are clean. 
Figure 6-5 indicates the area o f failure for a LaRC-8515 nanocomposite fiber doped with 
lwt% SWCNT. The region has areas o f none wetted fibers, which were most likely the 
cause o f failure. Subsequent work on a different polyimide, where the processing 
conditions were optimized, resulted in significant reduction of SWCNT aggregation and 
inhomogeneous SWCNT distribution.
HRSEM was used to verify the dispersion of SWCNTs by melt mixing and extrusion 
as well as the alignment o f SWCNTs induced by shear flow during melt extrusion. 
Compared to the nearly featureless Ultem fiber shown in Figure 6-6a, the 1 wt% 
SWCNT/Ultem fiber dissolved in chloroform (Figure 6-6b) had fibrillar surface features 
visible on the fiber surface that appear to be aligned in the direction o f shear flow.
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Figure 6-6: Representative morphology o f the surfaces o f a) Ultem and b) 1 wt% 
SWCNT/Ultem nanocomposite fibers after removal o f -33%  of fiber cross-section by 
dissolving in chloroform. Arrow indicates fiber direction.
These fibrillar features were o f dimensions consistent with those of SWCNT bundles. 
The micrographs shown here clearly indicate that the melt extrusion process was not 
optimized to eliminate SWCNT aggregation during melt processing; however, it is also 
demonstrated that where SWCNT dispersion was successful preferential alignment along 
the fiber axis direction was observed.
R a m a n  S p ec tro sco p y
Raman spectroscopy was used to confirm the presence o f SWCNTs in the extruded 
fiber. As seen in Figure 6-7, the Raman spectrum of undoped Ultem shows no noticeable 
peaks because o f a large slope caused by fluorescence of Ultem. In the second spectrum, 
a small level of SWCNT doping (1 wt%) was clearly detected and peaks characteristic of 
SWNT tangential (1592 cm-1) and radial breathing modes (200-300 cm-1) were evident 
as well as the fluorescence slope o f the Ultem matrix.
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Figure 6-7: Raman spectroscopy of Ultem and Ultem nanocomposite.
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Figure 6-8: Raman spectrum of cross section o f fiber showing SWCNT concentration 
variation across Ultem nanocomposite fiber diameter.
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Raman spectroscopy was also used to track the concentration of SWCNTs 
through the thickness of the extruded fiber. Given that the peak intensity is proportional 
to SWCNT concentration, Figure 6-8 reveals that as one moved from the center o f the 
fiber toward the outermost surface, that peak at around 1590/cm'1 characteristic o f 
SWCNT tangential mode became more intense. This indicates that there was a higher 
concentration o f SWCNT near the fiber surface, close to the extruder wall where the 
shear rate was highest in comparison to the center o f the fiber which experienced the least 
amount of shear forces during the melt extrusion process. This is consistent with the 
observation that neutrally buoyant particles migrate toward an equilibrium position 
between the wall and the flow center due to wall effects, velocity profile curvature, and 
shear force [27].
Figure 6-9 is an overlay of the Raman spectra for the extruded nanocomposite fiber 
cross-sections obtained from surfaces microtomed parallel and perpendicular to the fiber 
direction. The large increase in intensity o f the SWNT tangential mode at around 1590 
cm '1 for the parallel compared to the perpendicular cross-section is further evidence of 
the alignment induced by shear flow already evident by HRSEM in Figure 6-6.
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Figure 6-9: Raman spectra for the extruded nanocomposite fiber obtained from surfaces 
microtomed parallel and perpendicular to the fiber direction.
Figure 6-10 and 6-11 show polarized Raman spectra of the extruded nanocomposite 
fiber from 0° to 90° from the fiber direction for Ultem and LaRC-8515 respectively. The 
spectrum at 0°, along the fiber, showed highest intensity and 90° (perpendicular to the 
fiber direction) lowest, suggesting strong SWCNT alignment along the fiber diameter. 
The degree o f alignment can be quantified by taking the ratio o f intensity between 90° 
and 0°. In both materials, the ratio was about 5 indicating significant alignment of 
SWCNTs.
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Figure 6-10: Polarized Raman spectra o f Ultem nanocomposite fiber illustrating 
SWCNT alignment.
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Figure 6-11: Polarized Raman spectra o f LaRC-8515 nanocomposite fiber illustrating 
SWCNT alignment.
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SUMMARY AND CONCLUSIONS
Carbon nanotubes are considered to be a revolutionary material breakthrough due to 
its unique combination of properties. While many applications for SWCNTs have been 
projected [3], realization o f these potential uses have been hampered by the high cost of 
limited supplies o f high quality SWCNTs and the difficulty in the development o f a 
suitable processing method that does not damage the filler thus diminishing the desirable 
properties o f this material. In spite o f these technical challenges, their potential to enable 
the fabrication o f multifunctional materials is being investigated in earnest. The goal o f 
this thesis was to investigate the feasibility o f obtaining useful nanocomposite materials 
with enhanced mechanical properties through melt extrusion of fibers containing a 
polymer binder reinforced with carbon nanotubes. The targeted property enhancement 
will be improved interfacing between the binder polymer [4] and carbon nanotubes 
because intimate contact between the nanofiller and the matrix are necessary to take 
advantage of the high conductivity and mechanical strength possessed by CNTs.
The results shown in Chapters 4-6 demonstrated that in order to take advantage o f the 
reinforcing quality o f carbon nanotubes without chemically modifying its surface for 
enhanced interfacial interaction with the polymer matrix, it is possible to choose a 
polymer matrix with the right chemical composition to take advantage o f the van der 
Waals interaction at the molecular level to enable mechanical property enhancements. 
Computational guidance can be employed to accomplish this more efficiently. 
Furthermore, a balance of mechanical properties will have to be determined before the 
processing method is chosen. It may not be possible to improve strength and toughness
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simultaneously, but both properties can be enhanced to some extent and tailored to the 
applications required.
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